Abstract: Several studies using vegetable fibers as the exclusive reinforcement in fiber-cement composites have shown acceptable mechanical performance at the first ages. However, after the exposure to accelerated aging tests, these composites have shown significant reduction in the toughness or increase in embrittlement. This was mainly attributed to the improved fiber-matrix adhesion and fiber mineralization after aging process. The objective of the present research was to evaluate composites produced by the slurry dewatering technique followed by pressing and air curing, reinforced with combinations of polypropylene fibers and sisal kraft pulp at different pulp freeness. The physical properties, mechanical performance, and microstructural characteristics of the composites were evaluated before and after accelerated and natural aging. Results showed the great contribution of pulp refinement on the improvement of the mechanical strength in the composites. Higher intensities of refinement resulted in higher modulus of rupture for the composites with hybrid reinforcement after accelerated and natural aging. The more compact microstructure was due to the improved packing of the mineral particles with refined sisal pulp. The toughness of the composites after aging was maintained in relation to the composites at 28 days of cure.
Introduction
Fiber-cement products had been widely used in the world due to their versatility as corrugated and flat roofing materials, cladding panels, and water containers presented in large number of building and agriculture applications ͑Ikai et al. 2010͒. The main reason for incorporating fibers into the cement matrix is to improve the toughness, tensile strength, and the cracking deformation characteristics of the resultant composite. It is well known that polymer synthetic fibers, like polyvinylalcohol ͑PVA͒ and polypropylene ͑PP͒ fibers, lead to the improvement of the postpeak ductility performance, performance under fatigue, impact strength, and also help to reduce the shrinkage cracking ͑Balaguru 1994; Coutts 1987; Hannant 1978; Mindess 1993͒ .
The success of the cellulose pulp in a broad field of applications can be influenced by the choice of the production method and by the ability to capture the optimum mechanical performance of these fibers ͑Coutts and Warden 1992͒. It is also dependent on overcoming major concerns related to fiber degradation in cementitious media ͑Agopyan et al. 2005͒ . One of the possible treatments to enhance mechanical performance of composites reinforced with cellulosic pulp is the refinement process, which is carried out in the presence of water, usually by passing the suspension of pulp fibers through a disk refiner composed by a relatively narrow gap between the rotor and the stator ͑Britt 1970; Clark 1987͒. Cellulosic fibers are intrinsically strong, and the refinement greatly improves their processability, which is necessary if the composite is manufactured using the Hatschek production method ͑Coutts 1984͒. The main effect of refinement in cellulosic fiber structure as a result of mechanical action is the fibrillation of the fibers surface ͑Coutts 1987͒. These fibrillated and shorter fibers are responsible for the formation of a net inside the composite mixture with the consequent retention of the cement matrix particles during the dewatering stage of manufacturing process.
A previous study ͑Tonoli et al. 2007͒ showed that refinement causes intense fibrillation of the sisal pulp fibers, favoring their plasticization and mechanical anchorage in the cement-based matrix. Such a behavior led to significant improvement of the modulus of rupture ͑MOR͒ of cement-based composites. However, in general, the better adhesion of the fibers and the fiber mineralization reduced the incidence of fiber pull-out during the composite fracture with the consequent damage to the toughness of the material. Fiber adhesion with the matrix is improved after aging due to the reprecipitation of cement hydration products ͑rich in calcium͒ around the fibers and fiber mineralization is the process of reprecipitation of cement hydration products into the lumen of the fibers ͑Mohr et al. Tonoli et al. 2009 . The use of a small content of PP fibers could represent an alternative to maintain the toughness of the composites in the long run, while the cellulose pulp fibers are responsible to capturing the cement particles during the manufacturing process. Therefore, the use of two types of fibers in a suitable combination can potentially result in performance synergy, whose hybrid performance exceeds the sum of individual fiber performances ͑Banthia and Sappakittipakorn 2007͒. Attempts have been made at identifying fiber combinations that produce the maximum synergy ͑Ding et al. Ding et al. 2010; Qian and Stroeven 2000͒ . Banthia and Gupta ͑2004͒ described three different categories for hybrids reinforcement: hybrids based on fiber constitutive response ͑one type of fiber is stiffer and the second is flexible͒, hybrids based on fiber dimensions ͑one type is smaller and the second is larger͒, and hybrids based on fiber function ͑one type improve the production process and the second improve mechanical properties, for example͒.
PP fibers have been studied as alternative low-cost fiber for reinforcement in fiber-cement roofing products ͑Kalbskopf et al. 2002͒ . These fibers present elevated ductility and they are resistant to alkaline attack ͑Hannant 1998͒ when compared to cellulose fibers. However, they present low elastic modulus ͑3.5-4.8 GPa͒ in relation to other reinforcing fibers ͑Zollo 1997͒ and some other disadvantages as weak chemical bonding with cement due to their hydrophobic nature and the consequent poor mechanical anchoring to the cementitious matrix.
This paper investigates the effect of cellulose pulp refinement on the properties of fiber-reinforced cement composites after aging. The objective of this present study is to evaluate the performance of fiber-cement material using conventional kraft sisal ͑Agave sisalana͒ pulp with three different pulp freeness levels and PP fiber as durable toughening reinforcement. The referred composites are also compared with composites exclusively reinforced with sisal pulp fibers in different pulp freeness levels and different aging conditions.
Experimental

Fiber Preparation and Characterization
Commercial unbleached sisal kraft pulp from Brazil was used in the experiments. Part of the unrefined pulp was submitted to a stirring process in water, only to provide fiber dispersion, maintaining the original freeness level given by the Canadian Standard Freeness ͑CSF͒ of 680 mL. Another part of the pulp with fiber concentration of 5.3 g/L in water was postrefined in a Bruno disk refiner model 2RA-12, as reported in Tonoli et al. ͑2007͒ . Disks are 300-mm diameter with 3-mm width bar, 3-mm width groove, and 7.5°angle bar configuration ͑Fig. 1͒. A specific edge load of approximately 0.3 W · s / m was used for the refinement, operating at current intensity of 50 A. Pulp was passed 10 and 15 times through the refiner, for the achievement of CSF degrees of 220 and 20 mL, respectively. The CSF test is a widely recognized standard measure of the drainage properties of pulp suspensions ͑Coutts and Ridikas 1982͒ and it relates well to the initial drainage rate of the wet pulp pad during the dewatering process. Low freeness values ͑less than 300 mL͒ are indicative of high degree of external fibrillation and/or shortage of the fibers, leading to long drainage periods during the test. The CSF value of each pulp was determined in accordance with the correspondent Brazilian Standards NBR 14344 ͓Brazilian Technical Standards Association ͑ABNT͒ 2003͔.
The main physical attributes of the pulp were previously characterized ͑Tonoli et al. 2007͒ by two procedures: particle size analyzer ͑Galai CIS-100 equipment, NIWA, Auckland, New Zealand͒ and, only for entire fibers ͑fibers that appear to be not teared by the refining process͒, optical microscopy. Microscopic morphological characterization was performed in at least 100 entire fibers for each pulp by image acquisition with the equipment Olympus PV10-CB. Besides the average length and width of entire fibers, this analysis allows the evaluation of the lumen diameter ͑Table 1͒. The analysis with Galai CIS-100 consists in the evaluation of the attributes of the whole fibrous material present in the pulp ͑Table 2͒. Average length and width, number of fibers per gram, and fines content were analyzed and stored with the aid of the Wshape v.1.0 software ͑Ferreira et al. 2006͒. The reduction of the thickness of cell wall was observed for refined pulps ͑Tonoli et al. 2007͒, and can be associated with the external fibrillation that causes delamination of the surface layers ͑Fardim and Durán 2003͒ and consequently peeling off of the outer layers to the liquid media ͑Somboon et al. 2007͒. The fibers also acquire a ribbonlike shape, which helps in explaining the tendency of diminution of lumen diameter in the refined pulps ͑Table 1͒. The microscopy analysis did not reflect the characteristics of the whole pulp, which includes the cut fibers and the generation of fines. The characterization of the fibrous material ͑Table 2͒, i.e., intact plus damaged fibers performed in Galai equipment gives a more precise idea of the actual morphology of the pulp. Table 2 depicts the drastic changes caused by the refinement to the universe of fibers in the pulp. Average length was the most affected property, with the decrease of 52%. Average width remained practically unchanged and fibrous material and fines content increased 233 and 54%, respectively. The tensile strength of the individual pulp fibers is expected to be between 500 and 900 MPa, and the elastic modulus of 25 to 40 GPa ͑Campbell and Coutts 1980͒.
PP fibers ͑monofilaments͒, with approximately 6-mm length and 28-m width ͑circular section͒, with 300-MPa tensile strength, 3.3-GPa elastic modulus, and 25% strain at failure ͑data supplied by Fitesa S.A., Brazil͒, were used for mix design with hybrid reinforcement. Fig. 2 .
Cement and Carbonate Characterization
The carbonate filler was chosen in order to present the same particle distribution of the OPC. According to Fig. 2 , 50% of the particles are smaller than 13.6 and 14.5 m for OPC and carbonate filler, respectively. Most of particles ͑90%͒ are smaller than 41.8 and 50.1 m for OPC and carbonate filler, respectively.
Formulation and Composite Preparation
Cement composite pads measuring 200 mmϫ 200 mm and reinforced by sisal pulp and PP fibers were prepared in the laboratory using a slurry vacuum dewatering and pressing technique described in details by Savastano et al. ͑2000͒ . Formulations ͑Table 3͒ were established based on studies published elsewhere ͑Bezerra et al. Tonoli et al. 2007͒ . Pulp and PP fibers were both previously dispersed in water by mechanical stirring at 1,700 revolutions per minute ͑rpm͒ for 1.5 h and 30 min, respectively. Then, cement and carbonate filler were added and the mixture formed with approximately 20% of solids was stirred at 1,700 rpm for additional 20 min. The slurry was transferred to the evacuable casting box and vacuum was applied ͑approximately 80-kPa gauge͒ until a solid surface formed. Three pads of each formulation were pressed simultaneously at 3.2 MPa for 5 min, then sealed wet in a plastic bag to cure at room temperature for 2 days and immersed in water for 5 days. Pads were cut wet into four 165 mmϫ 40 mm flexural test specimens using a water cooled diamond saw. Specimen thickness was approximately 5 mm. Samples were allowed to air cure in an internal environment of 27Ϯ 2°C and 65Ϯ 5% of relative humidity for a period of 20 days, prior to mechanical and physical testing. On completion of the air curing, specimens were tested at 28 days after production. Specimens were soaked in water for 24 h prior to mechanical test under saturated condition.
Composites produced in the present work were compared with composites reinforced only with sisal pulps in the same pulp freeness as described detailed in Tonoli et al. ͑2007͒. The formulation of the composites with only sisal pulp was 78.8% cement ͑CP-IIE͒, 16.5% carbonate filler, and 4.7% of sisal pulp ͑% by mass͒, following the same cure procedures.
Physical and Mechanical Characterization
Water absorption ͑WA͒, bulk density ͑BD͒, and apparent void volume ͑AVV͒ values were obtained from the average of 10 specimens for each mix design, following procedures specified by ASTM C948 ͑ASTM 1981͒. Mercury intrusion porosimetry ͑MIP͒ was performed using Micromeritics Poresizer 9320 with pressure of up to 200 MPa. The assumptions made were 0.495 g / cm 2 mercury surface tension and 13, 534 kg/ m 3 mercury density. Equilibration time in both low and high pressure was 10 s. The advancing/receding contact angle was assumed to be 130°. The amount of mercury intruded at each pressure inter- Mechanical tests were performed using the universal testing machine Emic DL-30,000 equipped with 1-kN load cell. Fourpoint bending configuration was employed to evaluate the limit of proportionality ͑LOP͒, the MOR, the modulus of elasticity ͑MOE͒, and the toughness ͑T͒ of the specimens. A 135-mm span and a deflection rate of 1.5 mm/min were adopted in the bending tests, in order to determine the LOP, MOR, and MOE, following calculations specified in Eqs. ͑1͒-͑3͒:
where P lop = load at the upper point of the linear portion of the load versus deflection curve; P max = maximum load; L v = major span; b and h = specimen width and depth, respectively; and m = tangent of the slope angle of the load versus deflection curve during elastic deformation. Toughness ͑T͒ was defined as the energy absorbed during the flexural test divided by the cross-sectional area of the specimen under investigation ͓Eq. ͑4͔͒, as described previously ͑Tonoli et al. Tonoli et al. 2009͒ and adapted from RILEM ͑1984͒. The absorbed energy was obtained by integration of the area below the load versus deflection curve at the point corresponding to a reduction in load carrying capacity to 30% of the maximum reached. The deflection during the bending test was collected by the deflectometer positioned in the middle span, on the down side of the specimen. The values of stress ͑͒ were calculated using the Eq. ͑1͒ for each load value, P. The values of deflection were divided by a span of 135 mm and called strain ͑␦͒ in the present work. Each test was finalized when decreased to 0.3ϫ MOR. Fig. 3 presents a typical stress versus strain curve, which defines LOP, MOR, and toughness ͑T͒. MOE was not defined in Fig. 3 because it was determined by Eq. ͑3͒ using load versus deflection curves
Scanning electron microscopy ͑SEM, Zeiss LEO 440 and Hitachi-S2500 microscopes͒ was applied for the characterization of fibermatrix interface on fractured surface of specimens that had undergone mechanical tests similarly to the procedures used in Savastano et al. ͑2005͒. Samples were previously gold coated in a Bal-Tec MED 020 sputtering system.
Natural and Accelerated Aging Tests
The accelerated aging test aims to simulate natural aging with exposure to cycles of soaking and drying. Specimens were successively immersed in water at 20Ϯ 5°C for 18 h and exposed to the temperature of 60Ϯ 5°C for 6 h in a ventilated oven as described in the Standard EN 494 ͑European Committee for Standardization 1994͒. Each soak and dry procedure represents one cycle and it was performed for 50 and 100 cycles, respectively, to simulate weathering exposition. Some specimens were submitted to natural weathering for 1 year in rural environment. This test was carried out in Pirassununga, State of São Paulo, Brazil ͑latitude 21°59ЈS͒. During the period of exposition of the specimens, the rainfall was approximately 1,550 mm, the maximum and minimum temperatures were 37.0 and 4.9°C, respectively, the highest radiation peak was approximately 1 , 210 W / m 2 . The maximum and minimum relative humidities were 93.3 and 41.3%, respectively. The composites were positioned in a metallic structure facing north with 30°slope in relation to the horizontal plane.
Statistical Analyses
The results of physical and mechanical tests were subjected to two-way ANOVA ͑three levels of the cellulose pulp freeness and four different aging conditions͒ at the 95% confidence level ͑␣ = 0.05͒, similarly as applied in Tonoli et al. ͑2010͒.
Results and Discussion
Physical Properties
The results of the physical properties are depicted in Table 4 . Composites with hybrid reinforcement seems to present higher apparent porosity ͑AVV͒ than composites only reinforced with cellulose pulp fibers as a probable consequence of the poorer packing of the matrix due to the addition of long and hydrophobic synthetic fibers ͑Bentur and Mindess 1990͒. The use of PP fibers increased the WA of the composite by around 10% when compared with the composites without PP fibers from the work conducted by Tonoli et al. ͑2007͒. The poor dispersion of the hydrophobic PP fibers led to an inefficient packing of the composite and thus contributing to the higher porosity of the matrix phase. Similar values of porosity were found by Bezerra et al. ͑2006͒ for hybrid composites in analogous conditions of cure and aging, however using PVA fibers, cellulose pulps, and other mineral additions.
The addition of PP fibers diminished the BD of the composites in relation to that found in the previous study ͑Tonoli et al. 2007͒ with composites only reinforced with sisal pulp. This fact is directly related with the higher porosity of the matrix and it is also Fig. 3 . Definition of the mechanical parameters in a typical stress versus strain curve due to the substitution of the matrix ͑ ϳ 2.6 g / cm 3 ͒ and the cellulose fibers ͑ ϳ 1.5 g / cm 3 ͒ by the lighter phase represented by the PP fibers ͑ = 0.9 g / cm 3 ͒. The difficulty in the composite compacting ͑by tamping͒ with unrefined pulps ͑CSF 680 mL͒ can be held responsible for the large porosity in some cases. As described by Coutts ͑2005͒, the fibrilation generated by the refinement operation contribute to the higher malleability of the cellulose fibers and improves the packing of the phases in the composites. Furthermore, the unrefined fibers have not been collapsed and present higher lumen diameters ͑Table 1͒, which contribute to the large porosity.
Accelerated aging ͑100 cycles͒ and natural aging caused reprecipitation of cement hydration products ͑rich in calcium͒ around and inside the cellulosic fibers and around PP fibers. In the case of composites after 1 year of natural aging, carbonation of the cement matrix also took place ͑Tonoli et al. 2010͒. Therefore, the consequences of aging were the significant increase of the BD and the decrease of WA and AVV of the composites with the three different levels of pulp freeness ͑Table 4͒. Fig. 4 presents the effect of PP addition in the pore size distribution related to composites only reinforced with refined sisal pulp ͑Tonoli et al. 2007͒. It was outlined in Fig. 4͑a͒ for SP-220 the incidence of larger pores in the region between 1,000 and 3,000 nm. This profile of the pore size distribution of composites with sisal pulp and PP fibers confirms that the incidence of large capillary pores is in agreement to the increase of the WA as previously discussed. Fig. 4͑b͒ shows the effect of 100 aging cycles on the composites with PP fibers and refined pulp ͑220 CSF mL͒. Differences in the curve of the pore size distribution were evident mainly for the pores with dimention below 100 nm. During the 100 soak and dry cycles, the continuous hydration and reprecipitation of the portland cement took place. This led to the reduction of the matrix voids, as indicated by the AVV values in Table 4 . Larger pores attributed to fibers ͑in the interval from 1,000 to 5,000 nm͒ were not significantly affected by the soak and dry cycles. Reprecipitation of cement hydration products after accelerated aging was not enough to fill larger pores ͑1,000 to 5,000 nm͒. It is expected that the natural carbonation of the cement matrix after 100 aging cycles was lower ͑almost negligible͒ than after natural aging ͑Tonoli et al. 2010͒. Table 5 depicts the summary of the intrusion data achieved with MIP analysis for unaged and aged composites reinforced with refined sisal+ PP fibers ͑SP-220͒ or with only refined sisal ͑SS-220͒ from previous work ͑Tonoli et al. 2007͒ . The BD of the SP-220 determined by MIP was in accordance with that shown in Table 4 .
MIP
After 100 aging cycles, a reduction of approximately 40% in the total volume of mercury intruded for composites with PP fibers, SP-220, and around 30% for composites only reinforced with refined sisal pulp, SS-220, was observed. Table 5 also shows the significant reduction of the total pore area after aging for both composites categories. 
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Even though the total intrusion volume was higher for the composites with refined sisal pulp+ PP fibers ͑SP-220͒ at 28 days in comparison with the composites with only refined sisal pulp ͑SS-220͒ ͑Table 5͒, the total pore area of the composites with PP fibers was lower. This can be explained by the greater amount of pores with lower sizes ͑below 100 nm͒ in composites only reinforced with sisal pulp at 28 days, as illustrated in Fig. 4͑a͒ . The pores of lower size can be attributed to the lumen of the cellulose fibers. In the case of composites reinforced with only sisal pulp, the continuous hydration and reprecipitation of cement pores ͑below 100 nm͒ with the consequent increase of hydration products after aging filled the smaller the value of the average pore diameter after 100 aging cycles.
Mechanical Properties and Microstructure
Composites with refined pulp ͑SP-220 and SP-20͒ presented the larger values of LOP, at 28 days ͓Fig. 5͑a͔͒. Refinement softens the fiber, increasing its flexibility, which allows it to wrap around the cement and other minerals and makes intimate contact with particles, binding them tightly together ͑Coutts and Kightly 1982͒ and providing a more packed composite. Fig. 6 shows SEM micrographs of fibers prior to the inclusion in the composite. Fig. 6͑a͒ depicts the smooth surface of the unrefined fibers and in the Figs. 6͑b and c͒ the external layers were partially pulled out from the sisal fibers after refining. These external layers improve the anchorage of the fibers into the cementitious matrix. In the Figs. 7͑a and b͒, the external layers of the refined fibers can be seen largely bonded to the cementitious matrix. In this case, the primary layer remained adhered to the matrix and the leftover fiber was pulled out. The refined fiber-cement paste bond seems to be stronger than that of the unrefined fibercement paste bond ͑Mohr et al. Tonoli et al. 2007͒ . It can be seen the poor adhesion of the unrefined fibers in the composite, SP-680, after aging as presented in the Fig. 8. Fig. 8͑a͒ depicts the void of up to 3 m at the interface between fiber and matrix after 100 aging cycles. Fig. 8͑b͒ presents the sheathlike reprecipitation of cement hydration products into this interface around the unrefined fibers after 1 year of natural aging. This reprecipitation improved the anchorage of the fibers and increased the values of LOP, MOR, and T of the composites ͑SP-680͒ in relation to those at 28 days of cure ͑Fig. 5͒. Fig. 5͑b͒ shows that the composites reinforced with PP fibers and refined sisal pulp ͑SP-220 and SP-20͒ presented average values of MOR greater than those composites containing unrefined pulp ͑SP-680͒ in all aging conditions. Besides, the lower pulp freeness ͑CSF 20 mL͒ led to 22 and 10% of increase in the average value of MOR of the composite when compared to the intermediate pulp freeness after 100 aging cycles and 1 year of natural aging, respectively. Therefore, the large superficial contact performed by refined celulosic pulp enhanced the MOR and improved the load transferrance from the matrix to the fibers. Fig. 9 shows the comparisons between the typical stress versus strain curves of the composites with the same content of PP fiber but with sisal pulp with different freeness levels ͑Table 3͒. Typical . SEM micrographs of the sisal pulp fibers: ͑a͒ unrefined ͑CSF 680 mL͒; ͑b͒ refined ͑CSF 220 mL͒, pull-out of the primary cell wall of the fiber; and ͑c͒ refined ͑CSF 20 mL͒, intensive fibrillation of the fibers stress versus strain curves means that their profiles represent the average mechanical behavior of composites submitted to four point bending test. The curves were chosen based on the average values of MOR and toughness ͑T͒.
The PP fibers guaranteed a pseudoplastic behavior of all composites presented in this work. However, the mechanical behavior of the composites after accelerated and natural aged ͑Fig. 9͒ shows the effect of adhesion of the primary layer of the sisal pulp fiber to the matrix caused by the reprecipitation of the cement hydration products in the fiber/matrix interface ͑Mohr et al. 2005; Mohr et al. 2006; Tonoli et al. 2009͒ . This fact indicates that there was sufficient bond between the sisal pulp fibers and the cement matrix to induce a good mechanical anchorage and interlocking effects. It was observed considerable number of sisal pulp fibers that were broken instead of the frictional slip provided by pullout. There were also a combined effect between refine degrees of the sisal pulp and aging, what promoted the sawtooth curves. Besides, the curves of the composites SP-20 indicates that its fracture process were more instable than others composites because presented major drop in the ramps.
The LOP of the composites was maintained after aging for SP-220 and SP-20, and increased for SP-680 ͓Figs. 5͑a and b͔͒. This increase in the LOP is due to the reduction of porosity and/or WA ͑Fig. 10͒ with the aging by the reprecipitation of the cement hydration products in the fiber surroundings. Soroushian et al. ͑1994͒ using both refined virgin and recycled Pine kraft pulp reported this as the main mechanism of the composite embrittlement and responsible for the increase of the bending resistance after repeated soak and dry cycles. The increase of the LOP with aging was also found by Bezerra et al. ͑2006͒ and Hannant and Hughes ͑1986͒.
The ductile behavior ͑great postcracking regions in the Fig. 9͒ of the composites even after aging was attributed to the longer PP fibers ͑6 mm͒. The hybrid fiber systems may render the fiberreinforced composites more efficient compared to only sisal pulp fibers at all freeness levels ͑Tonoli et al. 2007͒ . This suggests that during the application of the load upon the composite, the sisal fibers fractured first, then the pulling out of PP fibers started. Rupture of the sisal pulp fibers and pull out of the PP fibers are presented in the Fig. 11 . These two events induce the better performance of the composite due to the distinct behavior of each fiber during the mechanical test, indicating a synergy effect in the action of these two fiber types. Additionally the PP fibers present modulus of elasticity about 10 times lower than the sisal pulp ͑as reported above͒ what is also an important factor to explain the improvement of the toughness of the composite containing the plastic fiber.
Figs. 9͑c and d͒ show successive peaks in the stress versus strain curves which indicate that the multicracking is a characteristic of the aged composites in this work. This behavior was mainly a consequence of the improvement in adhesion for both cellulosic pulp and PP fiber by the densification of the interfacial transition zone with the reprecipitation of cement hydration products ͑Mohr et al. 2006͒ and also due to the continued hydration of the cementitious matrix after aging ͑Bezerra et al. 2006͒. In the case of cellulose fibers, the anchoring is higher than their strength and therefore they rupture. Furthermore, the mineralization ͑re-precipitation of cement hydration products into the fiber͒ of some cellulose fibers can contribute to the additional peaks in the postcracking region. In general, aging led to the increase of LOP, MOR, and MOE of the composites for all levels of pulp freeness, however, it is observed that for the composites with refined pulps ͑SP-220 and SP-20͒ the higher peaks ͑MOR͒ occurred in the postcraking region after 100 aging cycles and 1 year of natural aging ͑Fig. 9͒.
In Fig. 12 , the synergy among the PP fibers and sisal pulp at different freeness levels was evaluated as a percentage comparison ͑positive or negative͒ of the mechanical properties of the hybrid fiber-reinforced composites to that of the reference ͑rein- Generally, MOR and MOE of the composites decreased ͑negative percentages͒ with the exchange of the sisal pulp by PP fibers, in relation to those composites with only sisal pulp ͓Figs. 12͑a and b͔͒, implying that the hybrid has poorer MOR and MOE performances than the composites without PP fibers. This mechanical behavior was observed before and after the aging cycles and natural aging. The MOE results were similar when the different pulp freeness in composites with hybrid reinforcement ͑sisal+ PP fibers͒ were compared, independent of aging.
Toughness is often correlated to the length of reinforcing fibers. As the stress is transferred from the matrix to the fiber, debonding can take place at the interface and the fiber may be pulled out from the matrix, generating considerable frictional energy losses, which contribute to the toughness of the composite ͑Savastano et al. 2003͒. Unrefined cellulosic fibers are longer and without fibrillation, which leads to poor anchoring into the matrix and considerable incidence of pulled out fibers. Coutts ͑1984͒ reported similar results of greater toughness associated to composites reinforced with unbeaten wood fibers when compared to those with beaten fibers. Fig. 9 . Typical stress versus strain curves for composites reinforced with sisal pulp at three levels of pulp freeness ͑CSF 20, 220, and 680 mL͒ and PP fibers: ͑a͒ unaged; ͑b͒ after 50 aging cycles; ͑c͒ after 100 aging cycles; and ͑d͒ after 1 year of natural aging 11 . SEM micrographs of the fracture surface of the hybrid composites with PP fibers and sisal pulp: ͑a͒ SP-220 after 50 aging cycles, rupture of sisal pulp fibers ͑arrow 1͒ and pull out of PP ͑arrow 2͒ fibers; ͑b͒ SP-20 after 100 cycles, disruption of the PP fiber ͑arrow͒ Furthermore, for the unaged ͑28 days͒ composites with intermediate ͑SP-220͒ and lower ͑SP-20͒ freeness values the addition of PP fibers resulted in an increase of the toughness over composites reinforced with only sisal pulp ͓Fig. 12͑c͔͒, as a clear signal of positive synergy. In this case, cellulosic fibers are fibrillated and the anchorage is improved, the fracture prevails over the pull out and the toughness decreases for samples with only sisal fibers.
The use of refined pulp in composites with PP fibers ͑SP-220 and SP-20͒ has caused an increase of at least 60% in the toughness of the composites at 28 days when compared to that with unrefined pulp ͓Fig. 5͑c͔͒. The positive synergy observed by enhancement of the toughness for composites with refined pulp ͑SP-220 and SP-20͒ was partially provided by the improved retention of cement particles ͑Coutts and Kightly 1982͒ and also avoiding the stratification of the long and hydrophobic PP filaments along the thickness of the composite. These features turned the cementitious matrix more compact with the consequent improvement in the contact of PP fibers, leading to more efficient reinforcement by the synthetic fibers. The fiber to matrix bonding may also be changed during the aging of the composites. In cementitious composites, the microstructure around the fiber ͑interfacial transition zone͒ is normally different from the bulk microstructure. The presence of this zone results in a gradient of microstructure caused by the wall effect. The wall effect happens as preferentially smaller particles pack next to the fiber surface. Therefore, this special microstructure of the transition zone leads to a complex crack pattern. There is a reduction of toughness between 28 days and 50 cycles for SP-20 and SP-220 caused by the weakening of the cellulosic fibers in the matrix, but with time the toughness increases due to the improved adhesion of PP fibers in the matrix and consequently higher friction energy during their pulling out. Mohr et al. ͑2005͒ also reported the reduction and following increasing of mechanical properties in composites with unrefined and refined fibers with the evolution of wet and dry cycles. The lower pulp freeness ͑SP-20͒ did not provide significant increase in the toughness when compared with the intermediate pulp freeness ͑SP-220͒ after both 100 aging cycles and 1 year of natural weathering.
The extremities of the PP fibers, that were pulled out from the fractured cement matrix have expanded and exfoliated creating an anchoring effect ͑Fig. 13͒. These structures were also found by Beaudoin ͑1990͒. It was observed by the writer from X-ray analysis that the exfoliated material is organic and being identified as PP.
The maintenance of the toughness ͑T͒ after the aging was accomplished with the addition of PP fibers. When compared with composites exclusively reinforced with 4.7% by dry mass of sisal pulp after 1 year of natural aging, the PP fibers provided an increase of at least 200% in the toughness ͑T͒. The PP fibers provide higher absorption of energy with the attrition during the pulling out, and are responsible for the enhancement of the composite toughness. Higher values of toughness were found by Bezerra et al. ͑2006͒ and Dias et al. ͑2010͒ for hybrid composites reinforced with PVA fibers and cellulose pulps. Those improved toughness can be atributed to the higher contents of PVA fibers and other mineral additions used by the writers.
Conclusions
This present experimental study reported the use of sisal pulp in conjunction with PP fibers, as an attempt for synergy of suitable Variation of the mechanical properties of the composites after the addition of PP fibers in relation to composites with only sisal pulp fibers in the different pulp freeness: ͑a͒ variation in MOR; ͑b͒ variation in MOE; and ͑c͒ increment in toughness Fig. 13 . SEM micrographs of fracture surfaces of unaged ͑28 days͒ hybrid composites SP-20: ͑a͒ PP fibers pulled out of the matrix; ͑b͒ detail of the free ends expanded and exfoliated hybrids reinforcements in low-cost fiber-cement application. The synergy effect of the hybrids reinforcements were simultaneously achieved by both different lengths of the reinforcing elements and also functional aspects of the fibers. The addition of PP fibers has improved the toughness of the composites after 28 days of cure, especially those containing refined cellulose pulps. The decrease of WA and capillary porosity in the composites with refined sisal pulp was a clear indication of the improved packing of the composites in relation to those with unrefined sisal pulp. This more compact microstructure optimized the mechanical performance.
In addition, refinement is responsible for the fibrillation of the fibers, which favored their anchorage into the cementitious matrix. It was inferred that high intensities of pulp refinement improved the mechanical performance ͑both MOR and toughness͒ of the composites with PP fibers, at the initial age ͑28 days͒ and after aging as well. Cement based composites with hybrid reinforcement of PP fibers and sisal refined pulp maintain their mechanical properties even after aging with interesting performance for possible future application for fiber-cement products.
